We generated a mouse model (cKO) with a conditional deletion of TGF-β signaling in the retinal neurons by crossing TGF-β receptor I (TGF-β RI) floxed mice with nestin-Cre mice. Almost all of the newborn cKO mice had retinal detachment at the retinal pigment epithelium (RPE)/photoreceptor layer junction of the neurosensory retina (NSR). The immunostaining for chondroitin-6-sulfate showed a very weak reaction in cKO mice in contrast to intense staining in the photoreceptor layer in wild-type mice. Macroscopic cataracts, in one or both eyes, were observed in 50% of the mice by six months of age, starting as early as the first month after birth. The cKO mouse model demonstrates that the TGF-β signaling deficiency in retinal cells leads to decreased levels of chondroitin sulfate proteoglycan in the retinal interphotoreceptor matrix. This in turn causes retinal detachment due to the loss of adhesion of the NSR to RPE.
Introduction
Retinal detachment, separation of the neurosensory retina from the underlying retinal pigment epithelia (RPE), may cause serious complications resulting in blinding diseases [1, 2] . Adhesion of the neurosensory retina to the RPE is achieved by the intimate interaction of the microvilli on the apical surface of the RPE with the outer segments of the photoreceptor cells [3, 4] . The virtual space between RPE and photoreceptor cells called subretinal space remains closely tight in normal subjects [1, 3] . Adhesion of the neurosensory retina to RPE is regulated by active transport of fluids from the retina to the choroid through RPE and by the presence of mucopolysaccharides and extracellular matrix components that act as a glue [3, 4, 5] . This retinal adhesion is essential for normal retinal functions and visual processing. A variety of pathological conditions may result from the expansion of subretinal space and detachment of the neurosensory retina from RPE [1, 2, 3] . Retinal detachment may lead to permanent loss of vision if not reattached quickly by surgical repair [1] .
Transforming growth factor-β (TGF-β), a multifunctional cytokine, regulates cell proliferation, differentiation, and extracellular matrix synthesis [6] [7] [8] . The key roles of TGF-β and its receptors in retinal fibrosis in proliferative retinal disorders and in macular degeneration are well documented (8) . In mammals there are three isoforms of TGF-β designated as TGF-β 1, 2, and 3, with many overlapping physiological functions and some distinct developmental roles [7, 9, 10] . TGF-β is generally secreted by the cells in an inactive (latent) form, that has to be activated by proteolytic cleavage. The binding of active form of TGF-β to TGF-β receptor II initiates phosphorylation of TGF-β receptor I. Subsequent phosphorylation of Smad proteins and translocation to the nucleus results in the transcriptional activation of specific target genes [11] . One of the major roles of TGF-β is induction of synthesis of extracellular matrix components such as collagens, fibronectin, and chondroitin sulfate proteoglycans [6, 8, 12] .
In this study, conditional gene targeting using the Cre-lox P system was implemented for disruption of the TGF-β RI gene in neuronal cells to elucidate the role of TGF-β in retinal adhesion to RPE. We made TGF-β RI conditional knockout (cKO) mice by crossing nestinCre mice with TGF-β RI floxed mice. Nestin is an intermediate filament gene expressed in neuronal cells. Since nestin is expressed in retinal neuronal cells from embryonic day (E) 12.5 [13] , the Cre enzyme should be active from that time in nestin-Cre mice. Expression of TGF-β RI in the retina starts at E14 [9, 14] . Thus, our strategy should render TGF-β RI nonfunctional in retinal cells just before its expression starts in the cKO mice. Our findings indicate that functional loss of TGF-β RI in retinal cells results in retinal detachment.
MATERIALS AND METHODS

Transgenic mice
Nestin-Cre mice (MF1 strain) [15] were kindly provided by Dr. Ryoichiro Kagayama (Institute of Virus Research, Kyoto University, Kyoto, Japan). Generation and characterization of TGF-β RI floxed (TGF-β RI f/f ) mice (C57Bl/6 X 129SvJ strain) were previously reported [9] . NestinCre mice were crossed with the TGF-β RI f/f mice to generate Nestin-Cre;TGF-β RI f/+ . NestinCre;TGF-β RI f/+ mice were crossed with TGF-β RI f/f to generate Nestin-Cre;TGF-β RI f/f (cKO). Nestin-Cre mice were also crossed with LacZ reporter transgenic mice (pcAct-XSTOPX-lacZ) for functional analysis of Cre expression.
PCR analyses
DNA was isolated from tail biopsies using standard protocols. PCR analysis for the Cre gene and TGF-β RI floxed alleles were carried out as described [9, 16] . Cre expression was analyzed by determining LacZ activity using a standard staining protocol as described [16] .
Preparation of eyes for histology
Mice were anesthetized with an intraperitoneal injection of avertin (150 mg/kg). The mouse eyes were fixed with 4% paraformaldehyde for 24 hours at 4°C and equilibrated in 20% sucrose for at least two days for frozen sections. Some of the eyes were embedded in paraffin for H&E and Masson trichrome staining, before equilibrating in 20% sucrose. Those fixed for frozen tissues were embedded in OCT compound and frozen in 2-methyl butane on dry ice.
Immunostaining
The sections (20 μm thick) were cut in a cryostat and incubated overnight at 4°C with primary antibody and 3% bovine albumin, followed by FITC and TRTIC secondary antibodies.
Antibodies and dilutions employed for immunostaining were the following: polyclonal anti-TGF-β RI antibody V-22 (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), monoclonal anti-chondroitin-6-sulfate antibody (1:50) (Seikagaku Co., Tokyo, Japan), and neuronal-specific enolase (1:100) (Chemicon International Inc., Temecula, CA). Double staining was performed by FITC and TRTIC secondary antibodies to TGF-β RI and neuronalspecific enolase, respectively.
RESULTS AND DISCUSSION
We made a transgenic mouse model for the conditional knockout (cKO) of TGF-β RI in retinal neuronal cells by crossing nestin-Cre and TGF-β RI floxed mice. Postnatal lethality was not observed in this mouse, as expected, suggesting that loss of TGF-β activity due to nonfunctional TGF-β RI is restricted to the retina in the eye. Retinal detachment was observed in these mice by the age of postnatal day 2. Since TGF-β RI is essential for the action of all three isoforms of TGF-β, this model gives conclusive evidence for the role of TGF-β in retinal adhesion in the eye.
PCR analyses were performed to confirm the expression of TGF-β RI flox and Cre transgenes in cKO mice (see Supplemental Fig. 1A, B) . Staining for LacZ expression in the nestin-Cre mice crossed with LacZ reporter mice demonstrated a positive reaction in the retina (see Supplemental Fig. 1C ). Intense staining was noted in the neuronal layers within the retina, confirming the presence of nestin (or Cre) in the retina. By using double staining for neuronalspecific enolase and TGF-β RI, we confirmed the absence of TGF-β RI protein in the retinal layers of cKO but not in wild-type (WT) mice (see Supplemental Fig.1D, E, F, G) . Positive reaction for neuronal-specific enolase was observed in both WT and cKO mice (see Supplemental Fig. 1D, F) . Retinal layers were disorganized in cKO mice because of retinal detachment and/or degeneration, as seen in these panels. Antibodies to TGF-β RI exhibited positive reactivity in WT mice, while in cKO mice, no positive staining was observed (see Supplemental Fig. 1E, G) . The absence of TGF-β. RI in the neuronal-specific, enolase-positive retinal cells in TGF-β RI f/f ; nestin-Cre cKO mice indicates a loss of TGF-β signaling activity. Immunostaining with antibodies to phosphorylated Smad 2/3, members of the TGF-β signaling pathway, also showed a negative reaction, confirming the presence of nonfunctional TGF-β RI in the cKO mouse retina (data not shown).
Histopathology of the eye sections showed retinal detachment in almost all of the cKO mice at birth. Neither the control mice (TGF-β RI f/f ) nor TGF-β RI f/+ ;Nestin-Cre mice displayed retinal detachment or any other phenotype except cataracts, which developed in 50% of TGF-β RI cKO mice by the age of 6 months. At E14.5, WT and cKO mouse eye sections stained with H &E look almost identical (Fig. 1A, D) . Retinal detachment was observed starting from E18.5, and the separation was clearly evident at the RPE and photoreceptor layer junction of the neurosensory retina at postnatal day 2 (Fig. 1E, F) . There was also a loss of photoreceptor outer segments. In contrast, retinal layers in WT mice were intact and were attached to the RPE (Fig. 1B, C) . We performed a TUNEL assay to detect apoptotic cells in the retinal sections of cKO mice, but could not detect any differences between WT and cKO mice (data not shown). These results suggest that apoptotic processes are not involved in retinal detachment in the TGF-β RI cKO mice.
Previous studies with TGF-β1 and -β3 knockout mice did not show any retinal abnormalities [7] . Retinal hypercellularity was reported in TGF-β2 knockout mice (E18.5), suggesting the critical role of TGF-β2 in programmed cell death during retinal development (10) . The lack of significant effects on the retina in TGF-β1 and-β3 knockout mice is likely due to the compensatory effects of the other TGF-β isoforms. No conclusive results were obtained with TGF-β RI and RII knockout mice because of embryonic lethality at E10.5 [7, 9] . Consistent retinal detachment, at the RPE/photoreceptor layer junction has been reported in TGF-β2 and-β3 double-deficient mice, which exhibit embryonic lethality at E15.5 [17] . Since these mice showed multiple abnormalities in the eyes, including a thick retina and thinner cornea and lens epithelial layer, retinal detachment could be due to complex pathological mechanisms.
Masson trichrome staining of WT and cKO mouse eye retinal sections showed no clear differences in the presence of collagen fibrils and other connective tissue components ( Fig.  2A, B) . However, immunostaining for chondroitin sulfate showed an intense positive reaction in the photoreceptor layer of the WT mice, but no staining was observed in cKO mice (Fig.  2C, D, E ). An absence of chondroitin sulfate was observed in the eye sections of all cKO mice that had retina already detached as well as in retina still in contact with the RPE. The eye sections of the cKO mice that did not yet display retinal detachment had significantly reduced staining of chondroitin sulfate.
The absence or highly reduced amount of chondroitin sulfate in the photoreceptor layer of TGF-β RI cKO mice indicates the critical role of TGF-β in the synthesis of chondroitin sulfate proteoglycans as well as the involvement of proteoglycans in retinal attachment to RPE. Chondroitin sulfate proteoglycans are the major components of the interphotoreceptor matrix (IPM) present in the subretinal space located between the retinal photoreceptor layer and RPE [4, 5, 17] . This matrix acts as a cementing substance to keep the neurosensory retina attached to RPE [4, 5, 18] . Retinal detachment was observed after intravitreal injections of xyloside, a sugar that inhibits chondroitin sulfate proteoglycan synthesis, in Yucatan micropigs [19] . A number of other studies have also provided evidence for the role of IPM chondroitin sulfate proteoglycans in retinal adhesion [3, 5, 18] . The reported synthesis of proteoglycans by embryonic neural retinal cells and photoreceptors [20, 21] provides support for the synthesis of chondroitin sulfate by retinal cells in our transgenic mouse model. TGF-β is well known to enhance the synthesis of extracellular matrix components like proteoglycans, collagen, and fibronectin [6, 8, 12] . Moreover, chondroitin sulfate has been shown to regulate neural patterning in the retina [22] , suggesting its role both in retinal adhesion and retinal development.
Macroscopic cataracts were observed in cKO mice beginning at an early postnatal age and cataracts development grew progressively with age. About 50% of the cKO mice exhibited cataracts in one or both eyes by the age of six months (Fig. 3A, B, C) . We believe that if these mice are maintained for longer periods of time, most of the mice may develop cataracts. Macroscopic cataracts were not observed in the control mice (TGF-β RI f/f ) or TGF-β RI f/+ ;Nestin-Cre mice (Fig. 3A) . Retinal detachment appears to result in abnormal retinal architecture due to disorganization and/or degenerations of retinal layers (Fig. 3D, E) . As a consequence, serious inflammatory reactions appear to be initiated with accumulation of infiltrating immune cells in the vitreous cavity (Fig. 3D, E) . Also, in some cKO eye sections, red blood cells were seen, probably due to bleeding from vascular damage. As a result of the progression of these severe pathological conditions, the eyeball looks smaller in size and has a highly disorganized retina, lens, and anterior segment (Fig. 3F) . Chronic retinal detachment and consequent immunopathological phenomena due to infilterating inflammatory cells may injure the lens, leading to cataractogenesis. The various chronological events and mechanisms associated with cataract development in cKO mice are not very clear. In humans, long-standing detachment of the retina is shown to lead to cataract formation due to inflammation [1, 23, 24] . The development of cataracts following chronic retinal detachment observed in cKO mice compliments the observations made in patients with retinal detachment [1, 24] .
In summary, the results from our TGF-β RI cKO mice suggest that adhesion between the neurosensory retina and RPE is dependent on the presence of chondroitin-6-sulfate proteoglycans in the IPM in subretinal space. Since TGF-β is one of the primary regulators of proteoglycan synthesis, functional TGF-β and its receptors are critical for retinal adhesion.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Representative pictures of H&E stained sections of the eyes of wild-type (A, B, C) and cKO (D, E, F) mice. A and D, embryonic age 14.5 days; B and E, postnatal day 2; C and F, retinal sections of wild-type and cKO mice, respectively, shown at higher magnification to illustrate retinal detachment at the pigment epithelia and photoreceptor layer. len-lens, vit-vitreous, retretina, rpe-retinal pigment epithelium, prl-photoreceptor layer, onl-outer nuclear layer, inlinner nuclear layer, ipl-inner plexiform layer, gcl-ganglion cell layer. Arrow with double heads indicates the position of retinal detachment. Cataract development in cKO mice. Representative pictures of wild-type (A) and cKO (B) mice show the macroscopic cataracts. (C) The incidence of macroscopic development of cataracts in one or both eyes in cKO mice in relation to age. Representative photographs of eye sections of cKO mice illustrate retinal detachment (D) presence of inflammatory and blood cells in the vitreous (E), and the disorganized appearance of a cataractous lens (F). acb-anterior chamber, other labels are similar to those indicated in Figure 2 .
